Abstract-When renewable energy resources are installed in electricity grids, they typically increase generation variability and displace thermal generator control action and inertia. Grid operators combat these emerging challenges with advanced distributed energy resource (DER) functions to support frequency and provide voltage regulation and protection mechanisms. This paper focuses on providing frequency reserves using autonomous IEC TR 61850-90-7 pointwise frequency-watt (FW) functions that adjust DER active power as a function of measured grid frequency. The importance of incorporating FW functions into a fleet of photovoltaic (PV) systems is demonstrated in simulation. Effects of FW curve design, including curtailment, deadband, and droop, were analyzed against performance metrics using Latin hypercube sampling for 20%, 70%, and 120% PV penetration scenarios on the Hawaiian island of Lanai. Finally, to understand the financial implications of FW functions to utilities, a performance function was defined based on monetary costs attributable to curtailed PV production, load shedding, and generator wear. An optimization wrapper was then created to find the best FW function curve for each penetration level. It was found that in all cases, the utility would save money by implementing appropriate FW functions.
I. INTRODUCTION

I
N JUNE 2015, the state of Hawaii, USA, passed a renewable portfolio standard bill that required Hawaiian utilities to generate 100% of their energy from renewable sources by 2045 [1] . In order for the Hawaiian Electric Industries to meet this requirement, an assortment of energy technologies must be implemented, including installation of energy storage systems (ESSs) and activation of advanced grid-support functions in PV and other distributed energy resource (DER) inverters.
Advanced DER functions have been gaining acceptance in Europe and the United States as a cost-effective tool for improv- The authors are with the Sandia National Laboratories, Albuquerque, NM 87185 USA (e-mail: jjohns2@sandia.gov; jneely@sandia.gov; jdelhot@ sandia.gov; mlave@sandia.gov).
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ing grid stability. Grid codes around the world have been adding grid-support requirements for photovoltaic (PV) and ESSs [2] - [6] , major activities are creating interoperability standards to communicate with the devices [7] - [9] , and international research programs are creating advanced DER testing protocols [10] - [13] . Frequency-watt (FW) implementation is required in DERs in many European countries [2] and is included as an optional function in California Electric Rule 21 [3] . Deployment of distributed active power controls to provide ancillary services including regulation and primary contingency reserves is well studied in the literature [14] - [18] . The active power headroom for PV inverters is derived from operating off the maximum power point. In the grid codes, this curtailment is defined as a percentage of the nameplate power of the DER; thus, the curtailment is only active for the part of the day for which available solar power exceeds the curtailment level. In laboratory experiments on the response time of advanced grid-support functions, the inverters were found to rapidly respond in approximately 0.25 s when decreasing power-though the inverter response can be multiple seconds when increasing output to near maximum power [19] .
This paper explores the influence of FW function parameters on multiple performance and economic figures of merit (FOMs) for the small island grid on Lanai, HI. This evaluation is done at current and future (speculative) penetration levels. Given the large number of parameter permutations, Latin hypercube sampling (LHS) [20] was used to design simulation experiments to investigate the relationship between FW parameters and FOMs using General Electric's positive sequence load flow (PSLF) software and a simplified dynamic model in MATLAB with full day (sunrise to sunset) irradiance profiles. The former was used to simulate transient events during N -1 contingencies, while the latter provided aggregate performance data over a diurnal solar cycle. Finally, an economic study was performed on selection of FW parameters to minimize total cost attributed to energy loss due to curtailment, generator wear, and risk of blackout.
II. LANAI GRID MODELS
Lanai is a 140.5 mi 2 Hawaiian island with approximately 3200 residents in 1150 households, living mostly in Lanai city. The power system includes a 10.4-MW diesel power plant with ten generators, three 12.47-kV distribution circuits, and the 1.2-MW La Ola PV power plant [21] , [22] . The peak load of the island is approximately 6 MW. It is noted that the diesel power plant U.S. Government work not protected by U.S. copyright. does not energize all generators; in this study, two, three, or four generators were online, depending on the PV penetration scenario being simulated.
A. Frequency-Watt Function
While there are a range of timing and hysteresis differences between grid codes, the FW curve is either defined through parameters, such as in the German VDE-AR-N 4105 [6] , or with a pointwise method, such as in the IEC 61850-90-7 FW22 function, shown in Fig. 1 . In this paper, we define pointwise FW curves, but have made a number of assumptions to reduce the degrees of freedom as follows.
1) The FW curve is constructed of four points.
2) The deadband is centered on nominal frequency.
3) There is zero slope through nominal frequency.
4) The slope of the FW curve is the same for over-and underfrequency. 5) GP 1 is at full rated power and GP 4 is at zero power. With these assumptions, the FW curve can be fully defined using three easy-to-understand parameters:
1) curtailment, with range 0-100%; 2) deadband, with range 0-2 Hz; 3) droop, with range 0.001-2.0 Hz/100%. Although the function response time was found to be different in hardware experiments for increasing and decreasing power [19] , the function response was modeled in this study to be symmetrical with the same time constant for increasing and decreasing power output.
B. Positive Sequence Load Flow Model
General Electric's PSLF software was used to model two grid event scenarios (a generator outage and a line-to-ground fault on a distribution line feeding a well pump) with three PV penetration levels (20%, 70%, and 120%) using irradiance data from three different times of day (early morning, late morning, and midday). In this paper, penetration level was defined as installed PV nameplate power divided by the peak load. To account for the time-varying PV power availability, ground-measured irradiance time series was scaled with the wavelet variability model (WVM) [23] - [25] to create PV power values that were fed into the 240 s PSLF simulations. The PSLF models were validated against data collected at the Lanai La Ola PV plant for the 20% penetration case [19] .
For the higher penetration scenarios, additional PV generators were simulated at Lanai city (residential), as well as at resort and industrial locations with time-shifted irradiance profiles resulting from an assumed northerly wind direction [19] . Within this model, in the 20% case, there were three PV systems (each PV system aggregates multiple inverters) totaling 1.2 MW, and four diesel generators.
In the 70% case, there were eight PV systems totaling 4.2 MW, as well as three diesel generators.
In the 120% case, there were 13 PV systems totaling 7.2 MW, as well as two diesel generators.
It is noted that two generators are still necessary in high penetration cases so that N -1 contingency is satisfied.
To illustrate the benefits of FW functions, an FW implementation is compared in simulation to simple inverter curtailment (no frequency support). Both scenarios consider a 70% PV penetration scenario with a late morning irradiance profile. The FW curve was defined with GP 2 = GP 3 = 50%, 0.1 Hz deadband, and droop = 1.25 Hz/100% nameplate. The curtailed case was set to 50% of nameplate. Fig. 2 shows the simulated electrical generator speed for the Lanai 7 diesel generator following loss of Lanai 5 diesel generator (rated at 1.2 MW) at t = 120 s. The FW and curtailment scenarios exhibit similar response to PV variation between t = 50 and 100 s, but following the loss of the Lanai 5 generator, a sizable improvement is seen in frequency response with the FW implementation.
C. Simplified Lanai Power Model
The simplified power model was created to evaluate the FW function performance during day-long, noncontingency scenarios. Three days of irradiance data were used with the WVM to predict the PV power during 20%, 70%, and 120% penetration scenarios. The days were selected based on previous research [21] to capture the full range of PV ramp rates located at La Ola: 1) December 7, 2010-Least variable; 2) September 3, 2010-"Average" variability; 3) November 4, 2010-Most variable day. A dynamic model of the Lanai power grid was created based on diesel generator characteristics, including inertia, damping and speed governor controls, as well as variable PV power computed using the WVM. The load, however, was assumed constant. This model used a fourth-order Adams-Bashforth integration method with a 0.001 s timestep to simulate grid dynamics based on the generator inertia, damping, droop, and isochronous control. The model is described and compared with Lanai frequency data in [19] .
III. LATIN HYPERCUBE SAMPLING
LHS enables the intelligent design of simulation experiments and was used to compare the influence of the three FW curve parameters on a number of different metrics (i.e., FOMs) from the simplified power model and PSLF simulations. The FOMs were selected based on performance of the system for nonevent operation subject to variable PV generation and during fault scenarios: 1) the maximum (f max f ) and minimum (f min f ) grid frequency measured at the power plant for the six different PSLF scenarios (two fault types and three times during the day); 2) the average PV energy loss E loss for the three days with different irradiance values; 3) the absolute minimum (f min ), absolute maximum (f max ), and average standard deviation (σ) of the Lanai grid frequency for the three simulation days. The LHS results for 100 FW curves are shown in the Appendix for the three penetration cases. The FW curves were the same for each of the three penetration scenarios; therefore, direct comparisons can be made across the different penetration levels. An example of 20 LHS-generated curves is shown in Fig. 3 . In the Appendix, the Pearson correlation coefficient ρ is displayed for each of the FW parameters with respect to each FOM to help determine the influence of the FW parameter on the metric. The FOM 0 value is the result without the FW function. A first-order linear regression is also shown to illustrate the relationship between the FW parameters and the FOMs. The following general comments can be made from the LHS analysis: 1) Curtailment has the strongest influence on the FOMs; in particular, E loss is highly dependent on the curtailment setting and (ρ 20% = 0.973, ρ 70% = 0.971, ρ 120% = 0.971). 2) As curtailment increases, the frequency range for the nonevent and fault cases decreases. This is expected in the 24-h simulations since energy imbalance (load minus generation) is caused only by PV variability, i.e., the load is fixed in the model. 3) In the PSLF simulations, the largest curtailment provides the greatest headroom for the PV to respond to the loss of generation event. 4) Deadband and droop have less effect on the FOMs. 5) An increasing deadband tends to widen the frequency deviation during nonevent and fault cases. 6) While a minor influence, for the majority of cases, steeper slope (smaller droop) led to more aggressive compensation and decreased frequency deviation. 7) The ability of the FW function to reduce frequency fluctuations increases with greater PV penetration, as evidenced by the larger FOM ranges.
IV. COST OF FREQUENCY-WATT IMPLEMENTATION
Utility companies and grid operators would like to implement optimal FW curves for each penetration scenario based on the implementation costs. Any number of cost functions could be created depending on the tradeoff preferences of the utility or system operator which produce different optimal FW curves. We do not consider the financial implications of increasing PV penetration levels from indirect costs or externalities (public health and environmental impacts) but, rather, compare costs directly associated with and without the FW function. By employing renewable energy resources as frequency regulation and primary contingency reserves, the lost revenue from PV production is offset by the reduced service interruption costs and reduced lifecycle costs attributed to generator wear; three costs were selected as follows: 1) the average revenue lost from FW curtailment for three days, calculated from the price of electricity and E loss ; 2) the cost of blackouts: the consumer interruption costs based on f min f ; 3) the operations and maintenance (O&M) costs for the synchronous generators associated with grid frequency fluctuations σ. Taking a holistic view of grid operations, the PV owners should be compensated by the utility for their participation in regulation and contingency reserve; therefore, the lost revenue from FW curtailment is transferred to the utility, and the total utility cost is
where P i is the probability of the cost occurring in a 24-h time period, andf i is the associated cost above the baseline value at the given penetration without the FW function, i.e.,
The price of electricity in Lanai was selected to be 0.448 $/kWh based on the price of electricity for a residential customer on Lanai who uses up to 250 kWh of energy per month [26] . This corresponds to the incurred cost (due to lost net metering revenue) of a residential homeowner curtailing to provide the frequency reserve. P 1 = 1 because E loss represents an average 24 h time period.
The f min f term was included to account for unserved load costs. As of 2014, the Hawaiian Electric Company (HECO) implements blocks of underfrequency load shedding (UFLS) with Stage 1 occurring at 58.7 Hz, Stage 2 at 58.5 Hz, and Stage 3 at 58 Hz [27], although the UFLS relay trip points will be adjusted with higher penetration levels. The P 2 coefficient is the probability of the N -1 contingency occurring in a 24 h period. Previously, Sandia analyzed HECO and Maui Electric Company (MECO) frequency data to determine the number and magnitude of over-and underfrequency events [28] . Using 2011 as a baseline, MECO experienced 12 underfrequency events below 59.5 Hz (with 1 below 58.5 Hz) and therefore, P 2 was selected to be 12/365 = 0.033 to represent the probability of a grid disturbance.
The cost of lost load can be calculated in different ways, but Lawrence Berkeley National Laboratory and Department of Energy created a simple interruption cost estimate (ICE) calculator to estimate the economic losses given the duration and severity of the blackout [29] . Here, it was assumed that 3000 people on Lanai Island were residential customers, 200 were commercial and industrial, and the load was lost for 60 min. The percentage of the customers affected by the outage is linearized between 58.7 Hz Stage 1 UFLS and bulk collapse at 57 Hz-in part because PV frequency ride-through settings were recently widened to allow normal operation down to 57 Hz [30] . Based on these assumptions, cost is modeled as
where the price for a complete blackout is calculated as P b = $234053.5 k, given the above values and default ICE Hawaiian demographic information. Power plants experience additional wear when they are operated at larger ramp rates. The O&M costs for cycling the Lanai diesel generators are unknown, but previous works with coal and gas power plants indicate that the costs for doubling the diesel generator power ramp rate will increase the associated cycling costs by a factor of up to 10 [31] . When gensets operate with proportional droop control and there is an increase in the rate of variation of the grid frequency, the generator ramp rates will increase roughly proportionally and inflict a greater creep and fatigue damage. Assuming genset replacement costs are $0.38/W and are incurred after 20 000 h (2.28 years) [22] , the replacement costs for the 1.2 MW gensets on Lanai, for example, are $548/day. Herein, a candidate methodology is considered, wherein it is assumed that the severity of frequency deviation may be represented by frequency standard deviation and that there will be an additional 300% wear on the genset components when the grid frequency standard deviation doubles from the 20% baseline, such that
where C is the replacement cost per watt, and P gen is the diesel power capacity interconnected to the system [19] . Using the LHS results, the influence of each parameter on the costs is depicted in Fig. 4 . As seen in the results, there are FW functions that result in utility cost savings for all penetration scenarios; specifically, there are minima in the curtailment values for each penetration level. The smaller deadbands produce slightly greater cost savings, but the droop has little influence on the total utility cost. As PV penetration increases from 20% to 70%, the utility would save more money from implementing the FW function, seen in the minimum LHS cost for each penetration level in Table I .
At lower penetrations, the cost function favors deeper curtailment levels. This may seem counterintuitive, but there is significantly less revenue loss at lower curtailment levels and FW implementation extends the genset life by smoothing the day-long frequency results. In general, the optimal curtailment figures can be attributed to a high estimated cost of generator wear. At low penetrations, more diesel gensets are connected to the grid, so the optimal curtailment is higher to mitigate PV variability and provide headroom for control action that reduces generator wear. At higher penetrations, the best curtailment value decreases since energy loss is higher and not offset by reduction in generator wear.
V. OPTIMIZATION
The PSLF and MATLAB models were wrapped in multiple optimization routines to determine the FW curve that would provide the greatest savings to the utility. The problem is in the form
where f (x) = P 1 ·f 1 (E loss (x)) + P 2 ·f 2 (f min f (x)) + P 3 · f 3 (σ(x)) and x = [x 1 , x 2 , x 3 ], with x 1 being the curtailment, x 2 being deadband, and x 3 being the droop. The optimization routine was executed in MATLAB, and the principle components are illustrated in Fig. 5 .
Initially, the optimization was attempted using the sequential quadratic programming (SQP) routine in MATLAB with the initial starting point at the best LHS result for each penetration level. Since there were no nonlinear equality or inequality constraints in the SQP optimization problem, the algorithm Fig. 4 . FW parameter influence on costs for 20% (blue), 70% (red), and 120% (black) penetration cases. Note that ρ = NaN (not a number) when the standard deviation of the cost data is zero, i.e., when the FW curve parameters have no influence on the cost. approximated Newton's method to find the optimal FW curve. The SQP optimizer found a nearly identical FW curve compared with the best LHS. This is due to weak cost correlations for the deadband and droop parameters and, likely, from local minima in the fitness landscape. In order to improve the optimization results, a second optimization routine called the interior point method was used to determine the optimal FW curve. Again, the starting point was selected to be the best LHS result. As shown in Table I , the interior point method resulted in slightly better solutions than the LHS data and the SQP method for the 70% and 120% penetration cases.
As can be seen in the results in Table I , all the methods found similar curtailment values for each of the penetration levels, but there were discrepancies regarding the optimal droop values. When comparing the cost values, it is clear that deadband and droop are secondary influences on the FOMs and cost function, so they do not heavily influence the revenue from FW implementation. That is to say that the inconsistencies between LHS, SQP, and interior point are due to the low sensitivity of the cost model to changes in deadband and droop, and therefore influenced by the starting point of the SQP and interior point algorithms. The weak influence of the deadband and droop on the total cost is good news for HECO and other utilities because these low-sensitivity parameters do not need to be set precisely to see near-optimal returns from FW implementation. It is suggested that alternative nonlinear optimization techniques that are resistant to becoming trapped in local minima (e.g., genetic algorithms, ant colony optimization, and particle swarm optimization) should be investigated for the FW function parameter optimization problem.
VI. CONCLUSION
When appropriately programmed, the IEC 61850-90-7 FW function is capable of providing contingency reserves and frequency regulation. These benefits are dependent on the availability of PV power, but as PV generation displaces traditional generators and reduces system inertia, PV inverters must participate in grid operations as frequency regulation and primary frequency reserves. The FW function reduces the variability of the PV power by curtailing the power and provides headroom to respond to contingency events.
In this paper, we investigated the influence of the FW function on the Lanai, HI, electricity grid in its current state with 20% PV penetration, as well as in possible future configurations of 70% and 120% PV penetration. High-fidelity models were developed in MATLAB and PSLF to provide a complete representation of the island grid's response to PV variability and to faults and loss of generation in each configuration. These realworld models and scenarios were used in simulation efforts that clarified how the FW function affects the dynamics of the system, and they were used in optimization schemes to show how best to generate revenue using the FW functions. The results showed that implementation of the FW function could immediately save HECO money, even if they paid PV owners for the lost generation opportunity costs. Additional cost savings are available in the 70% and 120% PV penetration scenarios. This is a significant finding because it shows that the implementation of advanced grid functions does not only provide technical grid support but is also economical when implemented with the proper settings. It is anticipated that this will be the case for other regions and jurisdictions in the U.S. and the world, and the models and the method of analysis can be extended to these areas to find the optimal FW settings, although the cost function could be expanded to include other expenses and the models for energy loss, lost load, and generator replacement costs could be improved.
Using LHS, 100 FW curves were generated and compared with numerical simulations of fault and nonevent cases. For each FW definition, simulations of three penetration levels were conducted for six PSLF simulations representing three times of the day and two fault scenarios and three full day simulations of different irradiance conditions to estimate lost PV generation revenue and nonevent frequency variability. Based on six FOMs and a cost analysis, the tradeoffs of different FW curve parameters were investigated.
The proposed methodology is promising for the development of cost estimates when implementing FW functions, but future work should be conducted to refine and validate the cost model. It should also be noted that autonomous FW functions can be programmed into ESSs to provide similar capabilitiesas currently required in Italian and German interconnection requirements [11] . Furthermore, HECO has requested ESSs with FW capabilities in the Oahu, HI, ESS RFP [32] , and therefore, similar FW function analyses should be performed varying PV and ESS penetrations on the Lanai system in the future.
Overall, the project successfully established a technique for finding the most economical FW curve for a region. This method can be adopted by utilities in California, Hawaii, and elsewhere in the world to pick desirable FW settings. As more inverters are programmed with advanced grid support functions, they will increasingly become a major component of the ancillary service strategy. Deployment of advanced interoperable inverters also opens the door for aggregations to provide ancillary services. These "virtual power plant" (VPP) aggregations can be programmed to support grid frequency and voltage, as well as respond to grid disturbances, such as an N -1 contingency. In this paper, a VPP-like aggregation of PV resources was able to smooth the grid frequency during noncontingency periods and also prevent bulk system collapse during an N -1 contingency by quickly injecting active power into the grid. In the future, VPPs can be constructed of diverse DER resources and designed to provide a range of services for utilities, ISOs, and RTOs. The economic incentive for utilities to do this was shown in this paper, but third party VPPs could also take advantage of this revenue stream by providing these capabilities and operating in ancillary service and energy markets.
